In this account, the early stages of our campaign (2006 2009) to develop catalysts able to realize ideal arene assembly through catalytic C H bond arylation of aromatic compounds are described. New Rh, Ir, and Ni catalysts have been developed for the C H bond arylation of heteroarenes with haloarenes. It was also found that Cu(OCOCF 3 ) 2 can promote the C H bond arylation of electron rich arenes with aryl boronic acids. During these studies, we accidentally discovered that KOt Bu alone can promote the C H bond arylation of electron defi cient nitrogen heterocycles with haloarenes. Through a sequence of three consecutive bond selective C H arylations, a programmed synthesis of tetraarylthiophenes has been established. During this study, we discovered metal and ligand controlled regiodivergency in C H bond arylation. Scheme 1. Arene assembling reactions through C H bond functionali zation.
Introduction
Organic molecules having aryl aryl bonds (arene assembled molecules) represent privileged structural motifs frequently found in natural products or used in pharmaceuticals and functional organic materials. Therefore, the development of effi cient methods for biaryl formation has been a topic of utmost importance in all areas of pure and applied chemistry. 1 Although the Pd catalyzed cross coupling reactions of metalated arene/heteroarene and halogenated arene/heteroarene species are undoubtedly among the most reliable methods for making biaryls and heterobiaryls, 1 the C H bond arylation of arenes and heteroarenes holds signifi cant potential for streamlining overall synthetic routes (Scheme 1). 2, 3 The importance of such processes is also apparent from the significance of catalytic C H bond functionalization in chemical synthesis. 4 Indeed, the quest for such methods has been the driving force behind enormous efforts in the synthetic community including our group, culminating in a wealth of useful catalytic systems for reactions assembling arenes through C H bond functionalization. 2 The C H bond arylations of arenes can be formally classifi ed into the following three types; (i) C H/C X biaryl coupling, (ii) C H/C M biaryl coupling, and (iii) C H/C H biaryl coupling. In this account, we describe the early stages of our campaign (2006 2009 ) to develop catalysts able to realize ideal arene assembly through the catalytic C H bond arylation of aromatic compounds (Scheme 1).
Our Motivation: Synthesis of Triarylpyrimidines
Multiply arylated heterocycles are privileged structures with many interesting functions and fascinating optoelectronic or biological properties. In order to accelerate the discovery and structure property relationship studies of new functional molecules of this class, there is a great need for a fl exible method for accessing all possible isomers in a programmable manner. Driven by this consideration, we have established the general synthetic scheme for 2,4,6 triarylpyrimidines shown in Scheme 2.
5 Moreover, from the triarylpyrimidine library created, we were able to identify several interesting fl uorescent materials and some with properties such as solvatofl uorochromism. 5 Although our simple organometallic based protocol successfully demonstrated the power of a programmable and diversity oriented synthetic strategy in materials science, the methods we had used were far from ideal; converting a hydrogen atom on the pyrimidine ring to an aryl group required a multi step synthesis (organolithium addition, protonation, and oxidation by DDQ). 5 This naturally led us to decide on the direct C H bond arylation of heterocycles as an ideal method for making multiply arylated heterocycles. Therefore, in 2004, we initiated our studies on the development of a programmable synthesis of arylated thiophenes and thiazoles using several C H bond arylation reactions known at that time. 6 These, however, met with limited success, 7 which encouraged us instead to develop new and effi cient catalytic systems for arene assembling reactions through C H bond functionalization.
Rhodium Catalyzed C H/C X Biaryl Coupling
Our initial scenario for realizing an effi cient transition metal catalyzed biaryl coupling of arenes with haloarenes (C H/C X biaryl coupling) has been the redox catalysis shown in Scheme 3.
8 This involves (i) oxidative addition of haloarene (Ar X) to transition metal complex (M), (ii) electrophilic metalation of arene (Ar H) with thus formed Ar M X giving diarylmetal species, and (iii) reductive elimination of biaryl product (Ar Ar) with the regeneration of catalyst M. We envisaged that the use of electron withdrawing neutral ligand would lead to a distinct nucleophile electrophile interaction between an arene (Ar H) and Ar M X species, thereby promoting electrophilic arene metalation. In addition, we also expected such a ligand to facilitate the product forming reductive elimination step. This mechanistic blueprint means our designed C H/C X biaryl coupling should best be described as a Friedel Crafts aromatic arylation reaction.
In order to fi nd an as yet unexplored catalyst of this kind, we took a very distinct and unconventional approach. Rather than screening various ligands for a transition metal, we screened transition metals by fi xing the ligand as P[OCH(CF 3 ) 2 ] 3 which is known to be one of the most electron withdrawing neutral ligands. 9 After extensive screening, we were able to identify that Rh 10 is a central metal of choice, able to realize our concept, and that RhCl(CO){P[OCH(CF 3 ) 2 ] 3 } 2 (1) is a bench stable catalyst precursor (Scheme 3). 8 The complex 1 can be prepared quantitatively by mixing [RhCl(CO) 2 ] 2 and P[OCH(CF 3 ) 2 ] 3 in toluene. A notable feature of this complex is its outstanding stability to air and moisture in the solid state. Virtually no decomposition of 1 has been detected after extended ( 10 months) exposure to air. The X ray crystal structure of 1 indicates that this may be partly due to effective shielding of the Rh atom by two bulky phosphite ligands (Scheme 3).
Rhodium complex 1, with the assistance of silver carbonate, catalyzed the C H/C X biaryl coupling of electron rich heteroarenes and iodoarenes (Scheme 4).
8 Thiophenes, furans, pyrroles, and indoles were applicable as heteroarene coupling partners. For all thiophenes and furans examined, the coupling proceeded selectively at carbons adjacent to sulfurs or oxygens. When 1 phenylpyrrole was used as a substrate, the C H coupling took place selectively at the 3 position of the pyrrole ring. The coupling of 1 methylindole took place at both C2 and C3 positions, though favoring the C3 arylation product.
Although the C H coupling did not proceed with electron defi cient heteroarenes such as pyridine, we found that Rh catalyst 1 can effect the direct C H bond arylation of benzene derivatives, which have proven to be the most challenging substrate class in this fi eld (Scheme 4). 8 For example, when anisole was treated with p nitrophenyl iodide, arylated anisoles were obtained as a mixture of regioisomers (51% yield; o:m:p 29:0:71). When 1,3 dimethoxybenzene was used as a substrate, arylation occurred exclusively at the 4 position giving the corresponding biaryl in 76% yield. These reactions not only serve as successful examples of the functionalization of relatively simple benzene derivatives, but also shed some light on the mechanism. The manifestation of clear ortho para selectivity in the arylation of alkoxybenzenes is consistent with the proposed C H bond cleavage based on electrophilic metalation (Scheme 3). 3 , which are almost identical in size, is a clear indication that the π accepting nature of the ancillary ligand is of the greatest benefi t in our catalysis.
Iridium Catalyzed C H/C X Biaryl Coupling
In our Rh catalysis, the generation of cationic Rh intermediates and the unique role of Ag 2 CO 3 have been identifi ed as keys to success by experimental and theoretical studies. Expecting a similar mode of catalysis with higher effi ciency, we set out to investigate the cationic Ir(I)/Ag 2 CO 3 system as a new platform for C H bond arylation of arenes. 12 Thus, we began by investigating the effect of ligand using [Ir(cod) 2 ]BF 4 as a source of cationic Ir(I) species. 13 In contrast to Rh catalysis, our original ligand P[OCH(CF 3 Under the infl uence of [Ir(cod)(py)PCy 3 ]PF 6 catalyst (2) and Ag 2 CO 3 , a range of electron rich heteroarenes underwent C H bond arylation with electronically and structurally diverse iodoarenes in m xylene at 160 (Scheme 5). 13 Efficient coupling proceeded even using equimolar quantities of each coupling partner. Thiophenes, furans, pyrroles, indoles, and benzothiophenes were applied as the heteroarene coupling partner. In all cases examined, arylation took place in a regioselective fashion; at the α positions for thiophenes, furans, pyrroles, 2 positions for benzothiophenes, and 3 positions for indoles. Notably, Br containing substrates underwent C H bond arylation while leaving the C Br bond intact, which is attractive for further synthetic elaboration.
In view of the effi cient aryl aryl bond formation achieved, this Ir catalysis should have broad potential for the construction of a range of extended π electron systems (Scheme 6). 13 For example, when 1,4 diiodobenzene was treated with an excess amount of 2 methylthiophene, a twofold C H bond arylation occurred giving the thiophene benzene thiophene triad in 86% yield. A meta linked isomer was also obtained by the reaction using 1,3 diiodobenzene as the coupling partner. Double C H bond arylation at the same heteroarene core was also achieved. For example, when 3 methoxythiophene was treated with an excess amount of iodobenzene, a double C H bond arylation of the thiophene core took place at the 2 and 5 positions, furnishing the benzene thiophene benzene triad in 66% yield.
Although the mechanism of this Ir catalyzed reaction remains unknown, one possibility involves Ir I /Ir III redox cata- 
Nickel Catalyzed C H/C X Biaryl Coupling
Although we had established unique catalytic systems based on Rh and Ir, we were not completely satisfi ed since both Rh and Ir complexes are quite expensive. Naturally, we put efforts geared toward the use of inexpensive metal catalysts for C H/C X biaryl coupling. 15 Thus, we began by examining various inexpensive metal salts, ligands, and additives for the C H/C X biaryl coupling of heteroarenes and aryl electrophiles. After extensive screening, we uncovered the fact that nickel effectively catalyzes the coupling of azoles and aryl electrophiles (Scheme 7). 15, 16 In view of its effi ciency, cost, simplicity, and stability, we identifi ed Ni(OAc) 2 to be the catalyst precursor of choice. 17 Among various parameters investigated, the choice of basic additive turned out to be critical: when LiOt Bu was replaced by other bases such as NaOt Bu, KOt Bu, NaOMe, LiOH, Li 2 CO 3 , Cs 2 CO 3 , or DBU, essentially none of the target biaryl product was produced.
Ni(OAc) 2 /2,2 bipyridyl (bipy) serves as a general catalyst for the C H/C X biaryl coupling of azoles and aryl bromides/ iodides in 1,4 dioxane at 85 . Benzothiazole, thiazole, benzoxazole, oxazole, and N methylbenzimidazole were found to be applicable heteroarenes (azoles). Various electronically and structurally diverse aryl bromides/iodides were applicable as the aryl electrophile partner, and both electron rich and electron defi cient aryl bromides/iodides could be used. The severe steric hindrance imposed by ortho substitution was tolerated. Heteroaryl iodides and bromides were also reactive. The reaction also took place with catalyst loading as low as 1 mol% of Ni. For the coupling using more challenging aryl electrophiles such as chlorides and trifl ates, Ni(OAc) 2 /dppf showed catalytic activity at 140 .
To demonstrate the synthetic utility of this Ni catalyzed C H/C X biaryl coupling, a rapid synthesis of febuxostat was examined (Scheme 8). 15 Febuxostat is a novel, nonpurine, Scheme 8. Rapid synthesis of febuxostat.
Scheme 6.
Multiple C H bond arylation producing extended π systems.
Scheme 7.
Ni catalyzed C H/C X biaryl coupling.
selective inhibitor of xanthine oxidase, which is effective for the treatment of gout and hyperuricemia. 18 Under the infl uence of the Ni(OAc) 2 /bipy catalyst and LiOt Bu, the thiazole derivative and iodobezene derivative underwent C H/C X biaryl coupling in 1,4 dioxane at 100 , furnishing the corresponding arylated thiazole. Subsequent treatment with CF 3 CO 2 H afforded febuxostat in 51% overall yield. The synthesis is extremely effi cient, as both of the coupling components can be quickly derived in one step from commercially available 4 methyl 5 thiazolecarboxylic acid and 2 fl uoro 5 iodobenzonitrile, respectively. 15 
Potassium t Butoxide Mediated C H/C X Biaryl Coupling
The direct C H bond arylation of electron defi cient nitrogen heterocycles such as pyridine has been a problematic reaction in this fi eld.
19 Indeed, none of our catalysts described above are active for these substrates. Therefore, the development of a C H bond arylation protocol applicable to six membered nitrogen heterocycles became our next goal.
Initially, we hypothesized that a radical type transition metal mediated reaction might be optimal for achieving such a process. 20 Thus, we examined Fujita s Ir based protocol, 12 which has been assumed to be a radical process, for the coupling of pyridine and iodobenzene. In fact, the C H bond phenylation of pyridine with iodobenzene was affected in the presence of [Cp*IrHCl] 2 and KOt Bu to give phenylpyridine as a mixture of regioisomers. We also found that a variety of Ir sources were apparently able to catalyze this reaction in moderate yield. Struck by the similarity of reactions employing dramatically distinct Ir sources, we carried out the coupling reaction in the absence of Ir and remarkably found that the coupling reaction proceeded to the same extent with KOt Bu as the sole reagent. 21 With these unexpected results in hand, we further examined the reaction conditions using pyrazine as a substrate (Scheme 9). 21 When a mixture of pyrazine (40 equiv), iodobenzene (1.0 equiv), and KOt Bu (1.5 equiv) was stirred in the dark at 120 for 13 h, C H bond phenylation took place to afford 2 phenylpyrazine in 79% yield. Under microwave irradiation, a quantitative coupling occurred after 5 min at 50 . 22 The same reaction also took place using bromobenzene at 80 (54%), but chlorobenzene and fl uorobenzene were virtually unreactive under these conditions. Interestingly, the use of N,N dimethylacetamide (DMAc) as solvent allowed the reaction to proceed at room temperature, albeit less effi ciently. Other potential promoters related to KOt Bu were also examined. The use of NaOt Bu or LiOt Bu instead of KOt Bu did not afford the product at 50 . However, at temperatures above 80 , NaOt Bu also promoted the biaryl coupling. In addition to the nature of the metal cation (K), the t butoxide moiety is also crucial, as KOMe and KOH exhibited almost no reactivity.
Next the scope of the reaction with respect to the haloarene and nitrogen heterocycle was examined. Representative results are summarized in Scheme 10. Various iodoarenes and bromoarenes reacted with pyrazine to give the corresponding nitrogen containing biaryls in good yields. These reactions took place exclusively at the C X bond of haloarenes, and regioisomers with respect to the haloarene were not detected. These results imply that our reaction does not proceed through aryne intermediates. Other than haloarenes, haloalkenes such as β iodostyrene also reacted with pyrazine. A range of electron defi cient nitrogen heterocycles other than pyrazine underwent arylation with haloarenes. For example, pyridine, pyridazine, pyrimidine, and quinoxaline reacted with iodobenzene to afford the coupling products in good yields, albeit with poor regioselectivity with respect to the heterocycle.
Considering that trace transition metals present in basic additives have been shown in some cases to catalyze coupling reactions such as the Suzuki Miyaura reaction when performed under forcing conditions, 23 all reagents were purifi ed extensively before use, including sublimation for KOt Bu. All reaction glassware and equipment were thoroughly cleaned prior to use. Finally, a quantitative elemental analysis of KOt Bu was conducted by ICP AES (Inductively Coupled Plasma Atomic Emission Spectrometry). 21 Though very low in concentration, the most abundant exogenous elements found to be present in the KOt Bu used in this study were Si (0.92 ppm), Al (0.38 ppm), and Ca (0.048 ppm). More importantly, no transition metal was present at over 0.50 ppm in the KOt Bu employed in our study. In particular, Pd, Rh, and Ru, which Several control experiments indicated that the present biaryl coupling involves the KOt Bu induced generation of an aryl radical from the haloarene (SET then C X bond cleavage), followed by homolytic aromatic substitution or S RN 1 reaction (Scheme 11). The importance of a potassium nitrogen interaction has been also suggested by several control experiments. 24 While other mechanisms cannot be rigorously excluded, the radical nature of the present reaction was supported by control experiments performed in the presence of radical scavengers (Scheme 11). 21 For example, the addition of 2,2,6,6 tetramethylpiperidine 1 oxyl (TEMPO), galvinoxyl, or acrylonitrile to the reaction of pyrazine, iodobenzene, and KOt Bu completely shut down the otherwise effi cient biaryl coupling. Furthermore, we observed the formation of 2 cyclohexylpyrazine when the reaction was conducted in the presence of cyclohexane (Scheme 11). 24 This reaction most likely proceeds through the cyclohexyl radical, generated by the radical exchange reaction of phenyl radical and cyclohexane.
Copper Mediated C H/C B Biaryl Coupling
The metalation of a C H bond is a key step in the C H bond arylation of aromatic compounds. Our basic strategy has been to establish a distinct nucleophile electrophile interaction between an arene and a transition metal, thereby promoting electrophilic arene metalation. As an alternative to using electron withdrawing neutral ligands such as P[OCH(CF 3 ) 2 ] 3 for C H/C X biaryl coupling, we surmised that the use of an electron withdrawing anionic ligand would facilitate the oxidative biaryl coupling of arenes and arylboronic acids (C H/C B biaryl coupling) as shown in Scheme 12. 25 After an extensive screening of metal salts based on such a scenario, we found that Cu(OCOCF 3 ) 2 promotes the C H/C B biaryl coupling of electron rich arenes and arylboronic acids (Scheme 13). 25 As a typical example, when a mixture of 1,3,5 trimethoxybenzene (1.0 equiv) and phenylboronic acid (2.0 equiv) was treated with Cu(OCOCF 3 ) 2 (1.0 equiv) and CF 3 CO 2 H (1.0 equiv) in 1,2 dichloroethane at 80 for 13 h under air, the cross coupling product was obtained in 68% yield. Surprisingly, the reaction was selective for cross coupling; no homocoupled product arising from either 1,3,5 trimethoxybenzene or phenylboronic acid was detected. The importance of the trifl uoroacetate moiety was quickly recognized, as other Cu(II) salts such as Cu(OCOCH 3 ) 2 , Cu(OTf) 2 , and CuCl 2 did not promote the reaction at all. The reaction under argon atmosphere was signifi cantly slower than that performed under air. Reducing the amount of copper (0.3 equiv) resulted in a 45% yield; under current conditions the reaction is limited by low TON (turnover number) with respect to copper. More interestingly, multiple C H bond arylation is possible with some nitrogen heterocycles (Scheme 14). For example, when N methylindole (1.0 equiv) was reacted with PhB(OH) 2 (3.0 equiv) under the infl uence of Cu(OCOCF 3 ) 2 , double phenylation took place. When N methylpyrrole (1.0 equiv) was reacted with PhB(OH) 2 (5.9 equiv), quadruple phenylation took place to afford tetraphenylpyrrole in 51% yield. It should be noted that the tetraarylpyrrole motif is a target of interest, present in materials for organic electroluminescence devices 26 and in an antioxidant inhibiting microsomal lipid oxidation. 27 Also worthy of note is that such a facile multiple C H bond arylation does not take place in the seemingly related Pd catalyzed oxidative arene cross coupling reactions. 28, 29 These results, together with a quantitative elemental analysis of Cu(OCOCF 3 ) 2 by ICP AES showing that the Pd concentration is less than 0.40 ppm (detection limit), imply that the present reaction is not likely to be mediated by trace palladium.
Programmed Synthesis of Tetraarylthiophenes: Regioselec tive Multiple C H Arylations of Thiophenes
As already stated in Section 2, multiply arylated heterocycles are privileged structures with many interesting functions. In order to accelerate the discovery of new functional molecules of this class, a fl exible method for accessing all possible isomers in a programmable manner is much needed. After extensive catalyst development studies aimed ultimately at establishing a programmed synthesis of multiply arylated heterocycles using C H bond arylation technology, a general protocol for the programmed synthesis of tetraarylthiophenes was developed. 30 The development of regioselective C H bond arylation catalysts has been a key to realizing our concept.
Prior to catalyst development, we had designed a basic structure of starting material (thiophene derivative) suitable for the programmed synthesis of tetraarylthiophenes (Scheme 15). Although thiophene itself is the most straightforward starting material, achieving complete regioselectivity in C H bond arylations might be diffi cult due to its symmetrical structure (existence of two sets of chemically equivalent C H bonds). Thus, we decided to replace one of the hydrogen atoms on thiophene with a permutable heteroatom that can be transformed to an aryl group afterwards.
5b Such desymmetrization of the thiophene ring (reactivity differentiation of thienyl C H bonds) would in principle allow bond selective sequential arylations of the thiophene core, realizing a programmed synthesis of tetraarylthiophenes. 3, 5 Though conceptually intriguing, such an approach has remained relatively unexplored due to the diffi culty in activating three thienyl C H bonds toward catalytic C H arylation reactions, and/or in controlling regioselectivity. 31 We selected 3 methoxythiophene (3) as our fi rst generation platform 5b for tetraarylthiophene synthesis because of its high reactivity and selectivity in the catalytic C H bond arylation with iodoarenes.
8, 13 For example, 3 reacts with iodobenzene in the presence of RhCl(CO){P[OCH(CF 3 ) 2 ] 3 } 2 catalyst (1) and Ag 2 CO 3 producing 3 methoxy 2 phenylthiophene (4a) in 80% yield with virtually complete regioselectivity.
8 This C2 selective arylation occurs with various iodoarenes.
8 Thus, the focal point of this study has been to establish a C4 and/or C5 selective catalyst for the arylation of 2 aryl 3 methoxythiophenes 4. However, we found that use of Rh catalyst 1 is problematic for further arylations. For example, the reaction of 4a and iodobenzene in the presence of 1 and Ag 2 CO 3 furnished the C5 phenylation product 5a in only 38% yield. Even more critically, further arylation (C4 arylation) did not take place with 1. Thus, the need for a new catalytic system was obvious at this point. In particular, the deve lopment of a catalyst promoting the hard to achieve arylation at the β position of the thiophene ring was crucial. 32 Extensive screening led to the development of two new Pd catalysts (Cat A and Cat B) for the second and third arylations of 3, respectively (Scheme 17). 30 We fi rst found that the otherwise diffi cult C4 selective arylation of 4a with iodoarenes can be promoted by the catalyst PdCl 2 With two regiodivergent C H arylation catalysts in hand, the third C H arylation for making 2,4,5 triaryl 3 methoxythiophenes 6 was next examined for two possible routes, one via 8, the other via 5 (Scheme 18). Gratifyingly, the Cat B system promoted the C5 arylation of 2,4 diaryl 3 methoxythiophenes 8 with iodoarenes, giving 6 in good yields. Under otherwise identical conditions, the Cat A system was unable to promote the C H bond arylation of 5.
Finally, the fourth arylation to obtain the targeted tetraarylthiophenes 7 was investigated. Extensive screening of reaction conditions established a high yielding procedure involving Suzuki Miyaura coupling (Scheme 18). Thus, the BBr 3 promoted demethylation of 6 followed by treatment of the thus obtained crude alcohols with Tf 2 O/i Pr 2 NEt/DMAP produced the corresponding trifl ates 9 in high yields ( 70%). The trifl ates 9 were cross coupled with arylboronic acids in the presence of Pd(PPh 3 ) 4 catalyst and Ba(OH) 2 to fi nally afford tetraarylthiophenes 7 in good yields with virtually complete isomeric purities. 34 Noteworthy features of the present method are that (i) all of the aryl groups assembled on the thiophene core are derived from readily available aryl iodides or boronic acids, (ii) the installation of aryl groups at the desired position can be achieved, and (iii) simple alteration of the order in which the aryl reagents are used in the sequence results in the selective production of all possible isomers of tetraarylthiophenes. Although we focused on the synthesis of tetraarylthiophenes, our strategy should also be applicable to the regioselective synthesis of di or triarylated thiophenes by skipping one or two of the C H arylation steps prior to the fi nal C O bond arylation. The present strategy should fi nd many uses for combinatorial lead structure identifi cation and optimization in the development of functional organic materials for which the structure property relationships are often not easily predictable.
Summary
In this account, we have described the early stages of our campaign toward the realization of ideal arene assembly through catalytic C H bond arylation of aromatic compounds. Among the various discoveries and phenomena found during this endeavor, (i) the introduction of the extremely electron withdrawing P[OCH(CF 3 ) 2 ] 3 ligand in C H bond functionalization, (ii) the discovery of nickel catalysis of C H bond arylation, (iii) the metal and ligand controlled regiodivergency in aromatic functionalization, and (iv) the serendipitous discovery of t butoxide mediated biaryl coupling are particularly noteworthy. Although we have focused much of our efforts over the last four years on acquiring an effi cient and unique catalyst toolbox, currently we are paying signifi cant attention to the synthesis of biofunctional substances (drugs, drug like compounds, and natural products), and functional organic materials using C H bond functionalization chemistry to embark on more challenging quests in chemical science. We hope that this enterprise will not only streamline the state of the art synthesis of useful molecular entities, but also contribute to changing the way chemists plan syntheses.
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